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Research Progress of MXene-based Catalysts for Electrochemical Water-

splitting and Metal-air Batteries 

Abstract  

MXenes, a rising family of two-dimensional (2D) materials, are characterized by a unique 

combination of high electrical conductivities, hydrophilicity, and adjustable surface properties, 

which exhibit great potential in overall water splitting and metal-air batteries as electrocatalysts. In 

this review, the preparation methods, and some relevant properties of MXenes are summarized, and 

their application in electrocatalysis are systematically reviewed from theoretical calculations to 

experimental investigations, including hydrogen evolution reaction (HER), oxygen evolution 

reaction (OER), oxygen reduction reaction (ORR), and bifunctional activity. The strategies for 

improving their electrocatalytic performance and electrocatalytic mechanisms are discussed, and the 

challenges and prospects relative to the applications of MXenes in electrocatalysis are also 

presented. 
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1 Introduction 

Increasing energy and environmental issues have promoted the exploration of green, renewable 

energies, such as solar and wind energies [1, 2]. However, the outputs of those renewable energies 

heavily depend on the weather and climate conditions [3, 4]. To obtain steady electricity, efficient 

and low-cost energy conversion, or storage technologies such as water splitting and metal-air 

batteries are necessary, and such technologies strongly rely on the availability of efficient 

electrocatalysts [5, 6]. Generally, noble metals, such as platinum and ruthenium, exhibit excellent 

catalytic activity [7, 8]. However, low reserves and high costs have severely restricted the large-

scale application. Therefore, the development of efficient no-noble metal catalysts is of importance 

for electrocatalysis.   

Among the no-noble metal catalysts, like transition-metal oxides [9, 10], hydroxide [11, 12], 

sulfide [13, 14], phosphides [15] and so on [16, 17], two-dimensional (2D) materials have attracted 

much attention because of their unique electronic and structural characteristics, high specific 

surface area, and structural adjustability [18]. Graphite-like carbon nitride (g-C3N4) [17], 2D 

transition metal dichalcogenides (TMDs) [19], black phosphorus (BP) [20] and layered double 

hydroxides (LDHs) [12, 21] have been applied in the field of catalysis for energy conversion, 

including hydrogen evolution reaction (HER), oxygen evolution/reduction reaction (OER/ORR), 

carbon dioxide reduction reaction (CO2RR), and nitrogen reduction reaction (NRR) [22-26]. 
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However, those developed catalysts have some obvious drawbacks, including poor electrical 

conductivity, slow charge transfer, and instability of active sites [26, 27]. 

MXenes are a new family of 2D transition metal carbides, nitrides, and carbonitrides, which 

are regarded as the next promising candidate for electrocatalysis [28]. Compared with other 2D 

materials, MXenes have received increasing attention due to their electrical conductivity (10000 S 

cm-1), compositional diversity, thin and tunable structure, easily adjustable surface, and hydrophilic 

nature [29, 30]. MXenes are derived from their MAX precursors, having a general formula of 

Mn+1XnTx (n = 1, 2 or 3), where M represents transition metals (e.g., Ti, V, Cr, Mo, Nb, and so on), 

X stands for C or N, T denotes the functional groups (e.g., -O, -OH and -F) [30, 31]. A large number 

of stable MXenes have been predicted theoretically, and more than 30 types have already been 

synthesized from corresponding MAX [31-34]. The tunability of the composition of MXenes is 

beneficial for electronic structure modulation, and the unique 2D layered structure provides a large 

specific surface area and maximally exposes the active sites [35, 36]. In addition, the excellent 

corrosion resistance and hydrophilicity expand the range of application compared to carbon-based 

supports [37, 38]. The functional groups greatly facilitate the assembly of MXene nanosheets, and 

strongly interact with other materials, which can effectively avoid the aggregation of nanomaterials 

and optimize the electronic structure of MXene-based hybrids [39-42]. Based on the above, 

MXenes show great promise as electrocatalysts and support for energy conversion.  

In 2016, Mo2CTx and Ti3C2Tx were reported for the first time as HER and OER catalysts 

respectively [43, 44]. Since then, the number of MXene-related papers in the water splitting and 

metal-air batteries field has been increasing year by year, showing an explosive trend (Figure 1 (a)).  

Meanwhile, excellent electrocatalytic performances have been found. For example, the Mo2TiC2Tx 

anchored single Pt atoms (Mo2TiC2Tx-PtSA) as HER catalyst required an overpotential of only 30 

mV to reach a current density of 10 mA cm-2 [45], the Fe-N-C/MXene superlattice-like 

heterostructure showed a comparable half-wave potential (0.84 V) to Pt/C benchmark (0.90 V) [46], 

and the Ni1-xFexPS3 nano-mosaic-decorated MXene hybrids revealed low overpotential (282 mV) 

for OER in 1 M KOH [47]. 

To date, a host of MXenes related reviews have been published with emphasis on MXenes 

preparation, interfacial structure design, and potential applications [35, 48-53]. As shown in Figure 

1 (b), this review introduces the synthesis of MXenes and focuses on the progress of MXenes 

application in electrocatalysis, including HER, OER, ORR, and bifunctional activity (HER/OER 

and OER/ORR). The strategies to improve the electrocatalytic performance of MXenes and hybrids 

are comprehensively discussed, including surface functional groups control, defect engineering, 

heteroatom doping, active materials loading, and hybrid nanostructure design. Moreover, challenges 

and prospects of MXene in electrocatalytic applications are addressed. 



 

 

Figure 1. (a) The histogram of the MXene related publications over time for HER, OER, ORR, 

overall water splitting, and metal-air batteries on Web of Science. 2021* means that the statistics are 

as of August 2021. (b) Illustration of the potential applications of MXenes and hybrids 

electrocatalysts. (Components image. Reproduced with permission [54]. Copyright 2019, American 

Chemical Society. Functional groups image. Reproduced with permission [55]. Copyright 2020, 

Elsevier Ltd. Doping image. Reproduced with permission [56, 57]. Copyright 2018, American 

Chemical Society, Copyright 2020, WILEY-VCH. Vacancies image. Reproduced with permission 

[58]. Copyright 2016, American Chemical Society. MXene/0D image. Reproduced with permission 

[59]. Copyright 2018, Royal Society of Chemistry. MXene/1D image. Reproduced with permission 

[15]. Copyright 2019, Royal Society of Chemistry. MXene/2D image. Reproduced with permission 

[46, 60]. Copyright 2020, American Chemical Society, Copyright 2017, Elsevier Ltd. Assembly 

image. Reproduced with permission [61]. Copyright 2019, American Chemical Society.) 

 

2 Synthesis and properties of MXenes 

2.1 Synthesis 

MXenes are usually produced by selectively etching the A layers in the corresponding MAX 

precursors [32, 62, 63]. The MAX, short for Mn+1AXn (n = 1, 2, or 3), represents a large family of 

carbides/nitrides or carbonitrides, consisting of alternatively stacked MX and A layers. In their 

formula, M and X are the same as in MXenes, and A represents the III/IV A group elements (e.g., Al, 

Ga, Si, and Ge) [30]. Within the MAX phase, M-A metallic bonds are weaker and more active than 

M-X bonds [29]. Accordingly, 2D MXenes can be obtained by preferentially destroying the M-A 

bonds and retaining the M-X structure [30, 64].  



In 2011, Naguib et al. synthesized the first MXene (Ti3C2) by etching Ti3AlC2 in HF solution 

(Figure 2 (a)) [29]. Hereafter, Ti2CTx, V2CTx, Mo2CTx, Nb2CTx, Zr3C2Tx, Mo2TiC2Tx, and several 

other MXenes were successfully prepared using the same method [32, 49, 63]. Until now, HF 

etching is still the most classic and common method for MXenes preparation. However, due to the 

strong corrosiveness and high toxicity of HF, environmentally friendly and safe methods are 

urgently needed. In 2014, the mixed solution of LiF and HCl was developed as the etchant to 

synthesize Ti3C2Tx [65]. Then, the same product was obtained by using the mixed solutions of other 

fluorides and acids as an etchant, such as H2SO4, NaF, and even NH4HF2 [66, 67]. Besides, molten 

fluoride salts were also an option for the etchant, and Ti4N3 was successfully produced by using it 

(Figure 2 (b)) [68]. To further avoid fluoride, alkali treatment, hydrothermal assistance, and even 

electrochemical etching were developed to obtain fluorine-free MXene [69-73]. Taking 

electrochemical etching as an example, within the etching process, dilute hydrochloric acid acted as 

the etchant, and the MAX phases were successfully etched under gentle heating, resulting in a 

unique flower-like architecture of MXene [74]. And the newly emerging Lewis acidic molten salt 

etching is also worthy of attention. Ti3AlC2 and Ti2AlC were etched by ZnCl2 under Ar atmosphere 

to form Cl-terminated Ti3C2 and Ti2C, respectively (Figure 2 (c)) [75]. And this strategy can also be 

extended to a broader range. For example, Ta2C can be synthesized by etching Ta2AlC using AgCl 

[76]. Moreover, to control the defects and microstructures, bottom-up methods such as chemical 

vapor deposition (CVD) were also employed to synthesize high-quality MXenes, which exhibited 

excellent application prospects (Figure 2 (d)) [77-79]. Different methods introduce different 

functional and morphologies, which obviously influence their characteristics, properties, and 

performance [80]. 



 

Figure 2. (a) Schematic of the exfoliation process for Ti3AlC2 by HF treatment. Reproduced with 

permission [29]. Copyright 2011, WILEY-VCH. (b) Schematic illustration of the synthesis of 

Ti4N3Tx by molten salt treatment. Reproduced with permission [68]. Copyright 2016, Royal Society 

of Chemistry. (c) Schematic of Lewis acid (ZnCl2) etching Ti3AlC2 to prepare Ti3C2. Reproduced 

with permission [75]. Copyright 2019 American Chemical Society. (d) The growth of Mo2C crystals 

by CVD. Reproduced with permission [79]. Copyright 2017, WILEY-VCH. 

 

2.2 Structure and properties 

MXenes inherit the M-X structure from their MAX phase precursors, and the M layers have a 

hexagonal structure similar to graphene, while the X atoms occupy the octahedral interstitials 

constructed by the M atoms [81]. As seen in Figure 3, MXenes currently have three structures: 

M2XTx, M3X2Tx, and M4X3Tx, where M layer can be sole-element or multi-elements [31, 82]. And 

two types of element distribution are found in the multiple element case: solid solutions and ordered 

distribution. For solid solutions, the multiple elements are randomly distributed within the M layers, 

while the ordered one appears as two ways: out-of-plane order and in-plane order [83-85]. In 

addition, X can also be mixed, such as C and N in Ti3CN [86]. The large number of MAX phase 

members and their solid solutions provide a huge composition space for MXenes, implying 

tunability on their properties and performance. The weak van der Waals interaction between the 

multi-layer MXenes can be easily overcame through ultrasonic treatment and intercalation, yielding 

few-layer or even single-layer MXenes, accompanied by the increased specific surface area, which 



is beneficial to the application in catalysis and energy storage [87, 88]. Many cations, including Na+, 

K+, NH4
+, Al3+and Mg2+, have proven to be intercalators to enlarge the interlayer distance (Figure 4 

(a)) [89]. And the (0 0 2) distance of Ti3C2Tx could increase 5.1 Å after placing in KOH (Figure 4 

(b)). Besides, dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and tetrabutylammonium 

hydroxide (TBAOH) also perform well to intercalate and enhance delaminating MXenes [90, 91].  

 

 

Figure 3. Different types of MXenes. Reproduced with permission [31]. Copyright 2017, Springer 

Nature.  

 

The functional groups left on MXenes during the synthesis processes strongly affect their 

chemical properties [92, 93]. The hydrophilic polar groups such as -OH and -O, facilitate MXenes 

interacting with solution. In addition, the electrical properties of MXenes strongly correlate with 

their functional groups [94]. For example, all the ideally bare MXenes are metallic, which become 

semiconductors after being functionalized like Ti2CO2, Ti3C2F, Zr2CO2, and so on [28, 94]. Further, 

the surface de-functionalization can be observed with in-situ electron energy loss spectroscopy 

(EELS) and has been confirmed to improve the conductivity of the synthesized MXenes [95]. And 

the -O/-OH ratio also influenced the HER performance of W1.33CTx [96]. With the in-depth 

understanding of the effect of functional groups on MXenes, the adjustment of functional groups 

has attracted much attention. Recently, Kamysbayev et al. adjusted the functional groups on Ti3C2 

by molten salt etching [97]. O-terminated, NH-terminated, S-terminated, Cl-terminated, Se-



terminated, Br-terminated, Te-terminated, and even bare MXenes (may be H-terminated) were 

successfully prepared (Figure 4 (c)). Control of functional groups on MXenes can optimize their 

properties, and the effect on their electrocatalytic performance will be discussed in the subsequent 

sections. Beside the functional groups, MXenes inevitably contain vacancy defects even 

synthesized by a mild method [58, 98]. From the STEM images (Figure 4 (d)), the single Ti atom 

vacancy and two adjacent Ti vacancies in the same sublayers could be clearly observed in Ti3C2Tx. 

And the formation energies of Ti vacancy clusters and single Ti vacancies were calculated in Figure 

4 (e). The two formation energies were proportional to the number of vacancies, and the small 

formation energy difference suggested that large vacancy clusters formed feasibly. The defect 

engineering in MXenes is a common strategy to improve their electrocatalysis performances. For 

example, defects affect the electronic properties of surrounding sites and can trap single-atom as 

effective catalysts [45, 96, 99-101]. 



 

Figure 4. (a) Schematic illustration of cations intercalation between Ti3C2Tx layers. (b) XRD of 

Ti3C2Tx after placing in various salts. Reproduced with permission [89]. Copyright 2013, American 

Association for the Advancement of Science. (c) Surface reactions of MXenes in molten inorganic 

salts. Reproduced with permission [97]. Copyright 2020, American Association for the 



Advancement of Science. (d) Comparison between experimental HAADF-STEM images, DFT 

model, and simulated HAADF-STEM images of atomic-scale defects in Ti3C2Tx. Scale bars are 0.5 

nm. (e) The formation energy of Ti vacancy clusters as a function of the number of Ti vacancies. 

Reproduced with permission [58]. Copyright 2016, American Chemical Society.  

 

3 MXene-based catalysts for electrochemical water-splitting and metal-air batteries 

3.1 Electrochemical water-splitting 

Water electrolysis produces hydrogen (H2) and oxygen (O2) on the cathode and anode 

accompanied with hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER), 

respectively. Hydrogen, a clean and environmentally friendly energy source, is expected to be an 

ideal energy carrier for renewable energy storage to address the global energy crisis and 

environmental problems [102, 103]. As mentioned above, MXenes exhibit unique advantages 

compared with other electrochemical catalysts [28, 43]. Meanwhile, the abundant functional groups 

on MXenes also make it possible to couple with other active materials. Therefore, higher activity 

can be achieved with the interface regulation and the synergy between the different components of 

the hybrids. In this section, MXene-based catalysts for electrochemical water-splitting are 

introduced in the aspects of HER, OER, and bifunctional reaction. And the electrochemical 

performances are summarized in Table 2, Table 3, and  

Table 4, respectively. 

3.1.1 Catalysts for HER 

Usually, HER occurs via the Volmer-Heyrovsky route or the Volmer-Tafel route [104]. During 

HER, H atoms first adsorb on the surface of the electrode through the Volmer reaction, and then H2 

molecules are released from the interface through the Heyrovsky reaction or Tafel reaction (Table 

1). In HER, the bond of Hads on the electrode plays a key role [105], and it should not be too weak 

(limiting Volmer reaction) or too strong (limiting Heyrovsky or Tafel reaction). Therefore, HER 

catalysts can be evaluated by the Gibbs free energy (ΔGH) for hydrogen adsorption.  

Due to the good hydrophilicity, chemical resistance, and reducibility, MXenes are regarded as 

potential catalysts for HER [85, 106]. Compared with the common 2D HER catalysts such as MoS2, 

MXenes demonstrates basal-plane activity and high electrical conductivity, which leads to more 

effective catalyst utilization [107, 108]. Therefore, the functional groups on the basal-plane affect 

the HER activity of MXenes significantly, which is proved by theoretical calculations. Li et al. 

found that the abundant F-termination on Ti2C reduced the positive ΔGH value, promoting the 

adsorption kinetics of protons. And the F-termination reduced the charge transfer resistance [109]. 

Pan et al. investigated the H and O functional group effect on MXenes (Mo2X and W2X, X = C and 



N) based on density-functional-theory (DFT) calculations [110]. It was claimed that the bare and H-

terminated W2C monolayers showed near-zero overpotential with high H-coverage, and the 

oxidization of Mo2X could enhance the HER activity. More research results showed that -O/-OH 

groups were more favorable to HER. Ling et al. claimed that Ti2CO2 and W2CO2 had comparable 

ΔGH (|ΔGH|~0.12eV) with Pt (111) surface (|ΔGH|~0.09eV) [111]. By establishing a volcanic map 

between the total HER rate and Gibbs free energy of hydrogen adsorption/Ne (the number of 

electrons obtained by surface O atoms), a simple descriptor Ne was used to evaluate the HER 

performance of O-terminated MXenes. And TiVCO2 was identified as a highly active catalyst by 

the simple descriptor. Moreover, the descriptor can be extended to other systems [112, 113]. Once 

the optimal electron numbers are determined, the HER catalysts with high activity can be 

effectively screened or designed. And Gao et al. showed that MXenes with -O/-OH groups were 

stable and metallic by DFT calculation, which was favorable for charge transfer [28]. The surface 

oxygen atoms at the top and bottom of MXene were the active sites of HER, and H* showed a 

suitable interaction strength with the MXenes (Figure 5 (a)), which was also confirmed 

experimentally [92]. Furthermore, S/P partial replacement of the O functional groups on Ti2CO2 can 

significantly improve its HER performance [114].  

Due to the large variety of MXenes, machine learning (ML) has been used to efficiently screen 

MXene-based catalysts [115-117]. Zheng et al. combined DFT calculation with ML to perform 

high-throughput screening of bare and S-terminated MXenes [118]. Os2B and S-terminated Scn+1Nn 

(n = 1, 2, 3) showed excellent activity to HER, and ΔGH was close to zero under wide hydrogen 

coverage among 299 different kinds of MXenes. Besides the modulation of functional groups, a 

family of ordered double transition-metal MXenes has also been screened and selected by ML [106, 

119]. And 110 kinds of candidates were selected from 2520 MXenes [120]. The combination of 

high-throughput calculations and precise predictions of ML provides a shortcut for the exploration 

of MXene-based catalysts. 

Table 1. HER mechanism in alkaline and acidic media. 

 Alkaline media Acidic media 
Tafel slop  

(mV dec-1) 

Volmer *＋H2O＋e－ → *H＋OH－ *＋H＋＋e－ → *H ~120 

Heyrovsky *＋H2O＋e－+*H → H2＋OH－+* *＋H＋＋e－+*H → H2 +* ~40 

Tafel 2*H → 2*＋H2 2*H → 2*＋H2 ~30 

Overall *＋2H2O＋2e－ → H2＋2OH－ *＋2H＋＋2e－ → H2  



 

The catalytic activity of MXenes could be adjusted by regulating the transition-metal atom 

layers or vacancies. The change of hydrogen adsorption energy could reach 0.5 eV by changing the 

number of metal layers of MXenes, suggested by a theoretical calculation (Figure 5 (b, c)) [121]. 

And Cheng et al. found that the appropriate introduction of carbon vacancies adjusted HER activity 

[122]. As shown in Figure 5 (d), the ΔGH of VC-Cr2CO2 decreased with increasing carbon vacancy 

concentration (8.33%~25%), indicated that carbon vacancies particularly with low concentration 

could weaken the binding strength between H atoms and Cr2CO2, enhancing HER activity. The 

appropriate vacancies concentration may be beneficial [45], but too many vacancies can negatively 

affect the HER performance. The Mo1.33CTx with ordered Mo vacancies exhibited lower HER 

activity (422 mV) than Mo2CTx, which delivered a 239 mV overpotential at 10 mA cm-2 (Figure 5 

(e)) [123]. And as represented in Figure 5 (f), the change of coordination structure by the loss of the 

favorable site for the HER process induced the decline of HER performance. 



 

Figure 5. (a) Volcano curve of exchange current (i0) and the average Gibbs free energy of hydrogen 

adsorption (ΔG
H*
a

). Reproduced with permission [28]. Copyright 2016, American Chemical Society. 

(b) Ball-and-stick model of MXenes with different layer thickness. (c) ΔH versus ΔGH plot for 

MXenes that have |ΔGH| ≤ 0.5 eV. The circled data points denote the compounds that have |ΔGH| ≤ 

0.1 eV. Reproduced with permission [121]. Copyright 2017, American Chemical Society. (d) The 

ΔGH* at different concentrations of carbon vacancies of VC-Cr2CO2 as a function of H coverage. 

Reproduced with permission [122]. Copyright 2018, Royal Society of Chemistry. (e) Polarization 



curves for Mo1.33CTz and Mo2CTz. (f) Side view (along b-direction) of Mo2C and Mo1.33C. 

Reproduced with permission [123]. Copyright 2019, Elsevier. 

 

Besides the functional groups and vacancies, the heteroatoms doping is one of the most 

feasible strategies to enhance the HER activity of 2D materials [13, 124]. Doping MXenes with 

heteroatoms can adjust its electronic properties, surface chemistry, and element composition. 

Although O-terminated MXenes have been shown good HER activity, the high hydrogen bonding 

strength also limits its performance, especially for V2CO2 and Ti3C2O2. Therefore, doping with the 

low electronegativity non-metallic atoms may be an appropriate option. Le et al. synthesized the 

N-doped Ti3C2Tx by the conventional ammonia heat-treatment method [125]. The introduction of 

nitrogen modified the electronic configuration by decreasing the electron densities of oxygen sites, 

because of the enhanced interaction between Ti and N. The appropriate nitrogen content increased 

its conductivity and catalytic activity. And its catalytic performance was presented in Figure 6 (a), 

the onset potential of N-Ti3C2Tx@600 was -30 mV, and its overpotential at 10 mA cm-2 was only 

198 mV. The DFT calculation also confirmed that ΔGH could be adjusted to the ideal value (0 eV) 

by optimizing the nitrogen content. In addition, P-doped MXenes also showed favorable 

performance [56]. Phosphating treatment introduced P and O at the same time on the interlayer 

surfaces of each Mo-C-Mo monolayer in Mo2CTx and expanded the interlayer spacing. P and O co-

doped Mo2CTx had improved conductivity, and thus exhibited better performance than Mo2CTx. 

The P-doped Mo2CTx exhibited a low overpotential (only 186 mV at 10 mA cm-2, much better than 

that of Mo2CTx). Similarly, V2CTx after P doping showed better HER activity [126]. The doping of 

P can lead the electron transfer to the anti-bonding orbital of V-H/O-H to motivate the activity of 

V2CTx. And P-C bands could act as the active sites, which moderately reduced the bonding strength 

of Hads and promoted the desorption. Thus, the P-V2CTx exhibited the low overpotential (163 mV at 

10 mA cm-2) and Tafel slope (74 mV dec-1) in 0.5 M H2SO4. Like doping with the low 

electronegativity non-metallic atoms, doping with the metallic electron donors such as some 

transition metals can also enhance the HER activity of MXenes. The interaction between H and O 

was alleviated by introducing some other transition-metals atoms on the V2CO2 surface [127]. The 

transfer of electrons from the transition-metal atoms to the surface O could weaken the bonding 

between O and H, and therefore, the ΔGH could be optimized to ~0 eV by choosing the suitable 

transition-metals atoms and coverage [128]. After modification, the ΔGH of Os-Ta2CO2, Ir-Sc2CO2, 

Ag-Nb2NO2, Re-Nb2NO2, and W-Nb2NO2 were close to 0 eV. And the redistribution of surface 

electrons caused by the transition-metal atoms made the HER mechanism preferred Volmer-Tafel to 

Volmer-Heyrovsky. Furthermore, replacing the Mo atoms in the Mo2CTx lattice by Co atoms 

resulted in Mo2CTx:Co [129], and the introduction of Co atoms regulated the bond energy of O and 



H around the Co sites. At least 9 neighboring surface oxygen groups could be activated by one 

substitution Co atom, and therefore, the Mo2CTx: Co performed better than Mo2CTx. Recently, 

single Pt atoms were successfully introduced into Mo2TiC2Tx (Figure 6 (b)) [45]. Mo vacancies on 

the Mo2TiC2Tx basal surface were introduced by electrochemical exfoliation, while Pt atoms were 

anchored into the vacancies to form the stable single atoms catalysts (Mo2TiC2Tx-PtSA). As shown 

in Figure 6 (c), when the current densities were 10, 20, and 100 mA cm-2, the overpotentials of 

Mo2TiC2Tx-PtSA were 30, 77, and 104 mV, respectively, better than that of commercial Pt/C. Due to 

the emergence of new Pt sites, Mo2TiC2Tx-PtSA showed a fast kinetic process with a Tafel slope. 

And DFT calculation also showed that the confined, single Pt atoms in the lattice redistributed the 

electronic structure, effectively improved the d-electron domination near the Fermi level, and thus 

enhanced the HER catalytic activity.  

The combination of MXenes and other active materials is also worthy of attention. Generally, 

MXenes can be used as good conductive supports to facilitate charge transfer. It can also be used as 

a co-catalyst to optimize the adsorption of H to achieve better HER activity through the synergy 

between different components and the adjustment of the electronic structure. Pt3Ti intermetallic 

compound (IMC) nanoparticles (NPs) were synthesized in situ anchored on Ti3C2Tx [130]. The in-

situ X-ray absorption spectroscopy and the fitting EXAFS spectra revealed the coordination 

numbers (CNs) of Pt/Ti3C2Tx-550 (6.6 Pt-Pt bonds and 3.4 Pt-Ti bonds) which also confirmed 

the formation of Pt3Ti at 550 °C. And the Pt/Ti3C2Tx-550 showed the best catalytic performance. 

The Ti-C structure was well preserved in Pt/Ti3C2Tx-550, and the Pt3Ti particles on Pt/Ti3C2Tx-550 

tended to form cubic octahedral morphology, mainly exposing the (111) and (100) crystal planes. 

Consistent with the DFT calculation results, (111) and (100) surfaces of Pt3Ti nanoparticles 

exhibited comparable H binding ability to (111) of Pt. Pt/Ti3C2Tx-550 delivered a similar kinetics 

process to Pt/C. And as shown in (Figure 6 (d)), the specific activity of Pt/Ti3C2Tx-550 was 13 

times that of Pt/C under the same overpotential (70 mV). The overpotential was only 32.7 mV (at 

10 mA cm-2) with 32.3 mV dec-1 Tafel slope. Similarly, MXene-supported Co0.31Mo1.69C 

nanoparticles [131], PtNi nanowires [132], and NiCo alloy [133] also demonstrated excellent HER 

activity, since MXene effectively avoided agglomeration and stacking of low-dimensional materials 

[134]. On this basis, enhanced HER activity in alkaline media (Figure 6 (e)) was achieved by 

combining Co-doped MoS2 and Mo2CTx through heterostructure engineering [107]. Mo2CTx served 

as both the active material and conductive substrate, and the surface functional groups tightened the 

bonds between MXene and MoS2, improving structural stability. Meanwhile, the synergistic effects 

between Co-MoS2 and Mo2CTx led to low charge-transfer resistance. As represented in Figure 6 (f), 

the overpotential of Co-MoS2/Mo2CTx was only 112 mV at 10 mA cm-2 and the performance 

remained stable in the alkaline medium up to 18 hours. In addition to heterogeneous structural 



engineering, proper 3D structural design can also expand the active sites of nanohybrids. Wu et al. 

vertically arranged MoS2 nanosheets on Ti3C2 MXene to form MoS2/Ti3C2-MXene@C (Figure 6 

(g)) [135]. As a conductive substrate, MXene improved the electrical conductivity while avoiding 

the agglomeration of MoS2. The carbon layers can effectively prevent the oxidation of MXene, and 

the chemical bonds between functional groups and MoS2 ensured structural stability and rapid 

charge transfer. And the vertically aligned MoS2 nanosheets provided more active sites and short 

paths for mass diffusion and charge transfer. As expressed in Figure 6 (h), the nanohybrids 

performed the platinum-like onset potential (20 mV) and overpotential (135 mV at 10 mA cm-2) in 

0.5 M H2SO4 due to the synergy effect among MXene, MoS2, and carbon layers. In conclusion, an 

ideal structure with enhanced HER activity should well retain the MXenes structure to achieve good 

conductivity and stability, ensure a large surface area and expose more HER active sites. 

 

 

Figure 6. (a) HER polarization curves of Ti3C2Tx, Pt/C (20%), and N-doped Ti3C2Tx catalysts. 

Reproduced with permission [125]. Copyright 2019, American Chemical Society. (b) HAADF-



STEM image, simulated image, and the structure illustration of Mo2TiC2Tx-PtSA. (c) HER 

polarization curves of carbon paper (CP), Mo2TiC2Tx-VMo, Mo2TiC2Tx-PtSA and Pt/C (40%) in 0.5 

M H2SO4 (counter electrode: graphite rod). Reproduced with permission [45]. Copyright 2018, 

Springer Nature. (d) The specific activity of the Pt/Vulcan and Pt/Ti3C2Tx catalysts. Reproduced 

with permission [130]. Copyright 2019, American Chemical Society. (e) HRTEM image of Co-

MoS2/Mo2CTx. (f) The polarization curves of catalysts in 1 M KOH. Reproduced with permission 

[107]. Copyright 2019, Royal Society of Chemistry. (g) The formation process of MoS2/Ti3C2-

MXene@C nanohybrids. (h) Polarization curves of MoS2/Ti3C2-MXene@C, and other catalysts in 

0.5 M H2SO4. Reproduced with permission [135]. Copyright 2017, WILEY-VCH. 

Table 2. Summary of the HER performance metrics of MXene-based hybrids. 

Electrocatalyst Electrolyte 
ηj=10 mA cm-2 

(mV) 
Tafel slope (mV dec-1) Ref. 

E-Ti3C2Ox 0.5 M H2SO4 190  60.7 [92] 

Mo1.33CTx 0.1 M HClO4 422  [123] 

N-Ti3C2Tx@600 0.5 M H2SO4 198 92 [125] 

P-Mo2CTx 0.5 M H2SO4 186  [56] 

Mo2CTx: Co 1.0 N H2SO4 180  [129] 

Mo2TiC2Tx-PtSA 0.5 M H2SO4 30 30 [45] 

Pt/Ti3C2Tx-550 0.1 M HClO4 32.7 32.3 [130] 

Co0.31Mo1.69C/MXene/NC 

1.0 M KOH 

0.1 M PBS 

0.5 M H2SO4 

75 

126 

81 

43 

46 

24 

[131] 

Pt3.21Ni@Ti3C2 

0.5 M H2SO4 

1.0 M KOH 

18.55 

55.6 (ηj=5) 

13.3 

39.5 
[132] 

Ni0.9Co0.1@Ti2.5Nb0.5C2Tx  1.0 M KOH 43.4 116 [133] 

Co-MoS2/Mo2CTx 1.0 M KOH 112 82 [107] 

MoS2/Ti3C2-MXene@C 0.5 M H2SO4 135 45 [135] 

NiSe2/Ti3C2Tx 0.5 M H2SO4 200 37.7 [136] 

NiS2/V2CTx 1.0 M KOH 179 85 [14] 



NiFe-LDH/Ti3C2Tx 1.0 M KOH 132 70 [137] 

P-V2CTx 0.5 M H2SO4 220 74 [126] 

RuSA-N-S-Ti3C2Tx 0.5 M H2SO4 76 90 [138] 

Ru-SA/Ti3C2Tx 0.1 M HClO4 70 27.7 [57] 

RuSA-N-Ti3C2Tx 

1.0 M KOH 

0.5 M H2SO4 

1.0 M PBS 

27 

23 

81 

29 

35 

 

[139] 

VS2-V2CTx 

1.0 M KOH 

0.5 M H2SO4 

164 (ηj=20) 

138 

47.6 

37.9 
[140] 

MoS2/Ti3C2 nanoroll 0.5 M H2SO4 152 70 [141] 

MoS2/Mo2CTx 1.0 M KOH 176 (ηj=20) 207 [142] 

CoS2@MXene 0.1 M KOH 175 97 [143] 

CoP/Ti3C2 MXene 

1.0 M KOH 

0.5 M H2SO4 

102 

71 

68.7 

57.6 
[144] 

TBA-Ti3C2Tx-Pt 0.5 M H2SO4 55 65 [134] 

Pt NP-Ti3C2Tx 0.5 M H2SO4 226 59.5 [145] 

MoS2-Ti3C2 MXene 0.5 M H2SO4 98 45 [146] 

MoSe2/MXene-O 0.5 M H2SO4 171 61 [147] 

Pd/Nb2C-HF 0.5 M H2SO4 34 34 [148] 

Ti3C2Tx@Pt/SWCNTs 0.5 M H2SO4 62 78 [149] 

MD-Ti3C2/MoSx 0.5 M H2SO4 196 (ηj=50) 41 [150] 

 

3.1.2 Catalysts for OER  

The kinetic process of OER, another half-reaction of water splitting, is more sluggish than that 

of HER. Generally, OER is a four-electrons transfer process which can be described as 4OH → 

2H2O + O2 + 4e (in alkaline) or 2H2O → 4H+ + O2 + 4e (in acidic) [151]. Taking the OER in an 

alkaline medium as an example, it can be specifically divided into the formation and deprotonation 

of hydroxides (OH + * → *OH + e, OH + *OH → *O + H2O + e) as well as the formation and 



deprotonation of peroxides (OH + *O → *OOH + e, OH + *OOH → * + O2 + H2O + e). 

Besides, it is also possible to obtain O2 through the reaction of the adjacent *O [152]. Whether it is 

through the direct combination of *O to produce O2 or the decomposition of the intermediate 

(*OOH), the bonding (*-O) within the intermediates (*OH, *O, *OOH) is critical to the overall 

electrocatalytic capability [153]. For sites with weak *-O, the formation of peroxides may limit the 

rate of the reaction. And for sites with strong *-O, the deprotonation of the peroxides may limit the 

progress of the reaction. Therefore, the proper bonding strength between the active sites and O is 

the key to an efficient OER [154]. Moreover, the rapid mass transfer and high-speed charge transfer 

can also promote the reaction. The excellent conductivity and chemical resistance of MXenes can 

ensure the rapid electron transfer and stability during OER. Generally, MXenes have low inherent 

OER activity, which may be due to the few active sites. And nitrogen doping is a facile strategy to 

improve the electrochemical performance of MXenes [155, 156]. By etching the corresponding X-

site MAX solid solution, N atoms can be easily introduced into MXenes (e.g., Ti3C1.8N0.2 and 

Ti3C1.6N0.4) [157]. The N atoms in the Ti3C1.6N0.4 provided abundant active sites and effectively 

improved the electrical conductivity and wettability. N-Q (bond with three C neighbors) and N-6 (in 

the six-membered heterocyclic ring) greatly improved the electrocatalytic activity. The electron-

donor properties of N-6 and the defects introduced by N atoms insertion adjusted the electronic and 

surface properties to optimize the adsorption energy in the reaction, leading to the enhanced 

catalytic performance. And the better hydrophilicity of Ti3C1.6N0.4 improved the accessibility to the 

electrolyte and increased available sites (Figure 7 (a)). The low onset potential (ηonset = 245.8 mV) 

and Tafel slope (216.4 mV dec-1) proved that the improvement of in-situ nitrogen doping for the 

OER performance of MXene, and also pointed out the direction for the subsequent optimization of 

MXenes catalytic performance. 

MXenes can also serve as a good carrier to reach high-efficiency OER activity by coupling 

with other active materials. The ultra-low work function and negatively-charged surface ensure the 

strong interface interaction among different components, thereby effectively avoiding the 

aggregation of active materials and improving the stability [42, 158, 159]. Due to the strong 

interaction and metal conductivity, MXenes are usually employed as support for LDHs and 

transition metal oxides, which are poorly conductive and easily agglomerate, but highly active [160, 

161]. And this combination effectively avoids the limitations of the hydrophobicity of traditional 

carbon-based carriers to aqueous catalysis. Moreover, the strong coupling between the different 

components can even optimize the electronic structure of MXene-based hybrids to show better OER 

activity [137]. And MXene nanosheets facilitate the design of hierarchical structures, which not 

only provide a large specific surface area to expose more active sites but also provide smooth 

pathways for the reactants diffusion to improve OER performance [39, 162]. 



As mentioned above, constructing a hybrid MXene catalyst with different dimensional 

catalysts is a common strategy to improve the OER performance. The Co3O4 particles were 

combined with MXene through electrostatic self-assembly and solvothermal, effectively avoiding 

particle aggregation and exposing more active sites [159]. At the same time, the existence of 

MXene greatly shortened the mass transfer and charge transfer paths. The synergy between the 0D 

Co3O4 and 2D Ti3C2 greatly improved the OER activity, and the overpotential at 10 mA cm-2 is only 

300 mV with a low Tafel slope of 118 mV dec-1. 2D metal-organic framework (MOF) nanosheets 

are also considered to be potential catalysts for OER, but poor electrical conductivity limits their 

applications. Combining 2D MOFs with MXene is also expected to achieve better electrocatalytic 

performance. Cobalt 1,4-benzenedicarboxylate (CoBDC) and Ti3C2Tx nanosheets were compounded 

to obtain Ti3C2Tx-CoBDC by interdiffusion reaction [163]. The well-defined interface and 

synergistic effect between Ti3C2Tx and CoBDC effectively improved the kinetic process. And the 

high conductivity of Ti3C2Tx changed the limiting step of OER on CoBDC from the charge-transfer 

process to the reaction-limited process, with a low Tafel slope (48.2 mV dec-1). As shown in Figure 

7 (b), Ti3C2Tx-CoBDC achieved the current density of 10 mA cm-2 at 1.64 V in alkaline. Similarly, 

the same strategy to further improve layered double hydroxide (LDH) catalytic activity was 

investigated [164]. The electrodeposited CoNi-LDH loaded on the nickel foam coated with MXene 

also achieved good OER performance [161]. MXene modulated the electronic structure of CoNi-

LDH, and the strong electronic interaction affected the d-band centers of Ni and Co, which 

optimized the adsorption strength of the reaction intermediate and improved the OER performance. 

The structure of catalysts can greatly affect the mass transfer, and a 3D MXene based structure 

with suitable pore channel distribution and tortuosity accelerates the mass transfer to improve the 

OER performance. As shown in Figure 7 (c), g-C3N4 and MXene were stacked to form flexible 

films with a self-supporting structure (TCCN) [44]. And the pores in TCCN also provided a smooth 

pathway for reactants transferring (e.g., -OH) and reaction products releasing (e.g., O2). NEXAFS 

and XPS indicated that Ti-Nx reduced the electron density of Ti atoms, forming Ti-Nx active sites 

which facilitated the adsorption of OH- in alkaline media. The OER that occurred on TCCN was 

controlled by the 4-electron pathway with high faraday efficiency (95.5%). As shown in Figure 7 

(d), the TCCN film electrode showed a comparable working potential (1.65 V) to IrO2/C (1.70 V) at 

10 mA cm-2. The current attenuation was lower (4.3%) than that of IrO2/C (29.7%), and no phase or 

morphology changed after 10 hours testing. The vertically arranged layered cobalt borates on the 

MXene (Co-Bi/Ti3C2Tx) exposed more active sites and significantly improved mass diffusion and 

charge transfer [165]. Ti3C2Tx greatly suppressed the aggregation of Co-Bi and the chemical 

bonding between MXene and Co-Bi nanosheets promoted the spontaneous charge transfer of Co-

Bi/Ti3C2Tx. Therefore, the adsorption of the intermediate was promoted to achieve a rapid 



oxidation-reduction process and exhibited excellent OER activity (Tafel slope was only 53 mV dec-1 

and the overpotential was 250 mV at 10 mA cm-2). This strategy can also be extended to other 2D 

materials such as LDH [166, 167]. The in-situ vertical growth of CoFe-LDH on Ti3C2 MXene led to 

the “house of cards” structure [166]. The strong combination between LDH and MXene promoted 

electron transfer and improved structural stability. As expressed in Figure 7 (e), the MXene hybrid 

exhibited a superb electrocatalytic performance with an overpotential of 319 mV at a current 

density of 10 mA cm-2 and a Tafel slope of 50 mV dec-1. Similarly, Yu et al. obtained FeNi-

LDH/Ti3C2-MXene by ionic hetero-assembly of FeNi-LDH and Ti3C2-MXene (Figure 7 (f)) [60]. 

After hybridization with Ti3C2, the d-band center of Ni/Fe atoms in FeNi-LDH/Ti3C2-MXene was 

shifted to higher energy, leading to the enhancement of the O bonding strength. Thus, the charge 

transfer in the whole OER was accelerated. And the FeNi-LDH/Ti3C2-MXene showed a lower 

overpotential of 298 mV than RuO2 (358 mV) at 10 mA cm-2 (Figure 7 (g)).  

 

Figure 7. (a) The contact angles of 1 M KOH electrolyte for Ti3C2 film, Ti3C1.8N0.2 film, and 

Ti3C1.6N0.4 film. Reproduced with permission [157]. Copyright 2020, Royal Society of Chemistry. 

(b) OER polarization curves of Ti3C2Tx, CoBDC, IrO2, and Ti3C2Tx-CoBDC hybrid in 0.1 M KOH 



(N2-saturated) with a scan rate of 1 mV s-1. Reproduced with permission [163]. Copyright 2017, 

American Chemical Society. (c) SEM and optical (inset) images of TCCN film. (d) Polarization 

curves, of TCCN and Contrasts in an O2-saturated 0.1 M KOH solution (scan rate: 0.5 mV s-1), inset 

is the optical image of TCCN directly used as the OER electrode. Reproduced with permission [44]. 

Copyright 2016, Wiley-VCH. (e) The comparison of catalysts in onset overpotential and 

overpotential at 10 mA cm-2. Reproduced with permission [166]. Copyright 2019, Elsevier Ltd. (f) 

The formation of FeNi-LDH/Ti3C2-MXene hybrids. (g) LSV curves of FeNi-LDH/Ti3C2-MXene 

and other catalysts. Reproduced with permission [60]. Copyright 2017, Elsevier Ltd. 

 

Table 3. Summary of the OER performance metrics of MXene-based hybrids. 

Electrocatalyst Electrolyte 
ηj=10 mA cm-2  

(mV) 
Tafel slope (mV dec-1) Ref. 

Ti3C1.6N0.4 1.0 M KOH ~ 450 216.4 [157] 

Co3O4/Ti3C2  1.0 M KOH 300 118.0 [159] 

Ti3C2Tx-CoBDC 0.1 M KOH 410 48.2 [163] 

Co-LDH@Ti3C2Tx 1.0 M KOH 330 82.0 [164] 

CoNi LDH/Ti3C2Tx 1.0 M KOH 257.4 (ηj=100) 68.0 [161] 

TCCN 0.1 M KOH 420 74.6 [44] 

Co-Bi/Ti3C2 1.0 M KOH 250 53.0 [165] 

CoFe-LDH/MXene 1.0 M KOH 319 50.0 [166] 

FeNi-LDH/Ti3C2 1.0 M KOH 298 43.0 [60] 

Ti3C2Tx/TiO2/NiFeCo-LDH 0.1 M KOH 320 98.4 [168] 

FeOOH NSs/Ti3C2 1.0 M KOH 400 95.0 [160] 

S-NiFe2O4@Ti3C2 1.0 M KOH 270 46.8 [169] 

Ru-SA/Ti3C2Tx 0.1 M HClO4 290 37.9 [57] 

BP QDs/ Ti3C2Tx 1.0 M KOH 360 64.3 [59] 

1T/2H MoSe2/MXene 1.0 M KOH 340 90.0 [170] 

CoP/MXene 1.0 M KOH 230 50.0 [15] 

Co/N-CNTs@Ti3C2Tx 0.1 M KOH 362 79.1 [171] 



NiCoS/Ti3C2Tx 1.0 M KOH 365 58.2 [172] 

CoP@3D-Ti3C2 1.0 M KOH 298 51.0 [173] 

Co3O4/Ti3C2Tx 1.0 M KOH 340 63.97 [174] 

CoP/Ti3C2 MXene 1.0 M KOH 280 95.4 [144] 

NiFeP/MXene 1.0 M KOH 286 35.0 [167] 

NiFeCe-LDH/MXene 1.0 M KOH 260 42.8 [167] 

NiCo2O4/MXene 0.1 M KOH 310  [10] 

N-CoSe2/3D Ti3C2Tx 0.1 M KOH 310 45.0 [61] 

Nitride/N-Ti3C2 0.1 M KOH 300 60.0 [175] 

CoS2@MXene 0.1 M KOH 270 92.0 [143] 

 

3.1.3 Bifunctional Catalysts for Overall water splitting 

The application of MXene-based catalysts in the half-reactions (HER and OER) of overall 

water splitting was described in 3.1.1 and 3.1.2. Due to the four-electron transfer and many reaction 

intermediates, OER is the rate-limiting step for the overall water splitting [5]. Therefore, the design 

strategy of bifunctional MXene-based catalysts is similar to that of OER. Specifically, the MXenes 

are preferred to be used as a substrate to construct hybrid catalysts with other active materials. With 

the synergy effect on electronic structure modulation, and interface or structure design, efficient 

overall water splitting can be achieved. 

Black phosphorus quantum dots (BP QDs) expose a larger specific surface area and excellent 

electrocatalytic activity but suffer from the aggregation of quantum dots and poor electrical 

conductivity. The hybrid structure (BP QDs/MXene) obtained by van der Waals self-assembly of BP 

QDs and Ti3C2Tx (MXene) significantly optimized the performance of overall water splitting [59]. 

MXene greatly alleviated the aggregation of BP QDs, ensuring the exposure of active sites and the 

accessibility of electrolytes (Figure 8 (a)). As represented in Figure 8 (b), theoretical calculations 

showed that |ΔGH*| at different active sites of the hybrids were optimized to reasonable values (0.59 

and 0.17 eV) from the large negative value of Ti3C2Tx (-1.01 eV) to the large positive value (0.81 

eV) of BP QDs. Similarly, BP QDs reduced the adsorption energy of water on MXene, and 

obviously activated H2O molecules, resulting in better OER performance. Therefore, BP 

QDs/MXene showed favorable overall water splitting performance. The overpotentials of HER and 

OER were only 190 mV and 360 mV at 10 mA cm-2 respectively. And the current density reached 



up to 10 mA cm-2 at 1.78 V and was stable for 24 h. This strategy can also be extended to other 

nanoparticles. The PtPd bimetallic oxide nanoparticles loaded on Ti3C2Tx (PtOaPdObNPs@Ti3C2Tx) 

by solution plasma modification also showed superior performance in overall water splitting [176]. 

Ti3C2Tx changed the electronic structures of Pt and Pd, which accelerated the formation of O-O 

bonds to reduce the barrier of proton-coupled electron transfer in OER. And the synergy 

significantly facilitated the rapid electrons transfer. The nanocomposite electrode demonstrated 1.53 

V at the current density of 10 mA cm-2 and the activity attenuation was negligible (about 6 %) after 

40 h testing in the alkaline electrolyte. 

The heterostructure engineering between MXenes and different dimensional active materials 

can effectively enhance the stability and activity of the hybrids. 1T/2H MoSe2/MXene 

heterostructure (Figure 8 (c)) obtained by in situ one-step hydrothermal method showed high 

performance for efficient overall water splitting in alkaline media [170]. 1T/2H MoSe2/MXene only 

exhibited 1.64 V at the current density of 10 m Acm-2 for overall water splitting (Figure 8 (d)). 

MXenes significantly improved electrical conductivity and limited the aggregation of MoSe2, which 

enhanced the charge transfer and stability of the heterostructure. It is worth noting that the 1T phase 

MoSe2 with high conductivity and catalytic activity is usually a metastable phase, which tends to 

transform to the 2H phase MoSe2 with poor conductivity and activity. However, after 50 hours of 

electrochemical testing, the structure and composition of the hybrid did not change significantly, 

and the content of 1T phase MoSe2 only decreased from 23% to 18%. The MXene protected the 

metastable 1T phase MoSe2 and retained more active 1T, thereby achieving increased activity and 

good stability. The stabilizing effect of MXene on the metastable phase is also the focus of the 

future material design. The hybrids formed by metal phosphides and MXene also have excellent 

activity [173]. Selvam et al. phosphated the 1D Co(OH)F nanorods grown on MXene to produce 

CoP/MXene with a highly mesoporous CoP array (Figure 8 (e)) [15]. This 3D structure provided 

more active surfaces and boosted ions diffusion, charge transfer, and gas releasing during water 

splitting. As in Figure 8 (f), the bifunctional electrode couple (CoP/MXene//CoP/MXene) exhibits 

better performance (1.56 V@10 mA cm-2) than IrO2/C//Pt/C (1.62 V@10 mA cm-2).  

Besides 0D and 1D materials, the 2D nano-sheets are also potential candidates for forming 

hybrid catalysts with MXenes. Yu et al. electrodeposited FeNi-LDHs on Ni foam coated with 

MXene to prepare NiFe-LDH/MXene/NF electrode [137]. This 3D electrode under alkaline 

conditions effectively promoted the adsorption and dissociation of water in the HER, and also 

improved the redox activity in the OER. Due to the activation effect, the O-H bonds of H2O 

adsorbed on NiFe-LDH/MXene/NF became longer which enhanced water adsorption and 

dissociation, greatly accelerated the Volmer step on the electrode, prompting the HER activity. And 

the d-band center of Ni/Fe atoms shifted to higher energy, enhancing the O binding strength and the 



redox activity of OER. In 1 M KOH, NiFe-LDH/MXene/NF could achieve a current density of 500 

mA cm-2 at a low voltage (1.75 V vs RHE), and it steadily worked for 200 h at a current density of 

100 mA cm-2 (Figure 8 (g)). Du et al. further synthesized NixFe1-xPS3/MXene (NFPS/MXene) 

hybrids through low-temperature in-situ solid-phase reaction [47]. The final NFPS showed a nano-

mosaic shape instead of the original TM-LDHs nanosheets (Figure 8 (h)). Due to the unique 

electronic structure of nano-mosaic and extremely high electrochemical active surface area (ECSA), 

NFPS/MXene exhibited excellent overall water splitting activity in 1 M KOH 

(Ni0.9Fe0.1PS3@MXene: ηj=10 = 196 mV for HER, Ni0.7Fe0.3PS3@MXene: ηj=10 = 282 mV for OER). 

The electrode couple assembled by Ni0.9Fe0.1PS3@MXene and Ni0.7Fe0.3PS3@MXene 

(Ni0.9Fe0.1PS3@MXene || Ni0.7Fe0.3PS3@MXene) showed comparable performance (1.65 V @ 10 

mA cm-2) to IrO2 || Pt/C (1.71 V @ 10 mA cm-2) in overall water splitting. Furthermore, as 

demonstrated in Figure 8 (i), the stable operation at 1.65 V for 50 hours indicated the excellent 

stability of the Ni0.9Fe0.1PS3@MXene || Ni0.7Fe0.3PS3@MXene electrode couple. The strategy of 

strain engineering to adjust the electronic structure and maximize ECSA is also expected to be 

applied in other nanohybrids. 

 



 

Figure 8. (a) TEM and HRTEM (inset) image of BP QDs/MXene. (b) Calculated free energy 

diagram (HER activity) of two adsorption sites for the BP QDs/MXene. Reproduced with 

permission [59]. Copyright 2018, Royal Society of Chemistry. (c) HRTEM and TEM (inset) images 

of 1T/2H MoSe2/MXene. (d) The overall water splitting performance of 1T/2H MoSe2/MXene. 

Reproduced with permission [170]. Copyright 2019, Elsevier Ltd. (e) SEM image of CoP/MXene. 

(f) The polarization curves of CoP/MXene//CoP/MXene for overall water splitting. Reproduced 

with permission [15]. Copyright 2019, The Royal Society of Chemistry. (g) The 

chronopotentiometry curve of an electrolyzer with NiFe-LDH/MXene/NF at 100 mA cm-2. 

Reproduced with permission [137]. Copyright 2019, Elsevier Ltd. (h) HRTEM and SEM (inset) 

images of Ni0.7Fe0.3PS3@MXene. (i) The LSV curves for Ni0.7Fe0.3PS3@MXene || 

Ni0.9Fe0.1PS3@MXene couple before and after the 50 h testing. Reproduced with permission [47]. 

Copyright 2018, WILEY-VCH. 



 

Table 4. Summary of the Overall water splitting performance metrics of MXene-based hybrids. 

Electrocatalyst Current collector Electrolyte 
Operating Voltage 

(V) At 10 mAcm-2 
Ref. 

BP QDs/MXene GCE 1.0 M KOH 1.780 [59] 

PtOaPdObNPs@Ti3C2Tx GCE 1.0 M KOH 1.530 [176] 

1T/2H MoSe2/MXene Ni foam 1.0 M KOH 1.640 [170] 

CoP/MXene Carbon fiber paper 1.0 M KOH 1.560 [15] 

CoP@3D-Ti3C2 Carbon paper 1.0 M KOH 1.565 [173] 

NiFe-LDH/MXene Ni foam 1.0 M KOH 1.750 at 500 mAcm-2 [137] 

NixFe1−xPS3/MXene GCE 1.0 M KOH 1.650 [47] 

CoS2@MXene Ni foam 0.1 M KOH 1.630 [143] 

Ti3C2@mNiCoP Carbon cloth 1.0 M KOH 1.570 [177] 

CoP/Ti3C2 MXene RRDE 1.0 M KOH 1.578 [144] 

Ni-MoSe2/Ti2NTx GCE 1.0 M KOH 1.590 [16] 

VOOH/Ti3C2Tx MXene GCE 1.0 M KOH 1.579 [178] 

Ru-SA/Ti3C2Tx RDE 0.1 M HClO4 1.560 [57] 

 

In conclusion, MXene is a favorable catalyst and good support for other active materials for 

HER, OER, and overall water splitting. When MXenes act directly as a catalyst, the adsorption 

strength of reaction intermediates can be optimized by functional group adjustment, defect 

engineering, and heteroatom doping. As a support for active materials, MXenes provide excellent 

conductivity and structural support for hybrids. And due to the presence of surface functional 

groups, the active materials can be uniformly loaded on MXenes without aggregation and 

accompanied by strong coupling. It is noted that this strong coupling ensures the stability of the 

hybrid structure and improves its long-term cycling ability. And it also adjusts the electronic 

structure of the hybrids to optimize the adsorption of intermediates. Interface and structure design 

have always been the focus of MXene-based hybrids. A conductive 3D hybrid structure by rational 

design can expose more active sites and improve the mass transfer and charge transfer of the 

reactants, which is beneficial for the kinetic reactions. 

 



3.2 Metal-air batteries  

Besides renewable power storage, the rapidly developing electric vehicles and portable 

electronic devices demand better batteries, such as large energy density, high capacity, safety, and 

low cost [5]. Lithium-ion batteries have dominated this market in recent decades. However, they 

still suffer from some issues, including low energy density, high cost, and poor safety [35]. 

Therefore, many new rechargeable batteries have been developed, such as lithium-sulfur batteries, 

metal-air batteries, and so on. The metal-air batteries directly use oxygen in the air as the cathode 

reactant, so it has the characteristics of high energy density, low cost, and lightweight [179]. 

Unfortunately, metal-air batteries have not yet reached theoretical expectations due to poor air 

electrode activity. Specifically, the ORR/OER with slow kinetics that occurs on the air electrode 

severely limits the performance of the metal-air batteries [180]. Availability of efficient OER/ORR 

catalysts is the key to improve the performance of metal-air batteries and promote the large-scale 

application. Transition metal compounds have been widely studied as substitutes for noble metals, 

but they usually suffer from some drawbacks such as poor electrical conductivity and severe 

agglomeration, which seriously affect the catalytic performance [181]. MXenes as good carriers 

have attracted considerable attention. The excellent corrosion resistance of MXenes effectively 

avoids the carbon corrosion of traditional carbon supports and reduces the impact of COx species on 

the active sites during the ORR [37]. And as discussed above, MXenes can effectively reduce the 

aggregation of active materials and modulate the electronic structure of transition metal materials. 

Besides, the synergy between different components and the design of the interface and 3D structure 

can promote charge transfer and mass transfer to achieve the excellent catalytic activity.  

The application of MXenes and hybrids in OER has been discussed in detail in chapter 3.1 

(refer to 3.1.2 and 3.1.3). Therefore, this chapter mainly focuses on the applications of MXenes and 

hybrids as ORR and bifunctional ORR/OER catalysts. Also, the metal-air battery section mainly 

focuses on the very promising lithium-air batteries and zinc-air batteries, which are the most widely 

studied metal-air batteries. And the important performance metrics are summarized in Table 5 and 

Table 6, respectively. 

 

3.2.1 Catalysts for ORR 

Discharging a metal-air battery is accompanied by ORR. Oxygen is reduced to H2O or H2O2 

through the 4-electron route without peroxide or the 2-electron route with peroxide, respectively 

[182]. The peroxide generated by the two-electron path may corrode the devices, and the output 

voltage is much lower than the four-electron path. Therefore, the four-electron path can greatly 

enhance the performance of the metal-air batteries. In the alkaline electrolyte, oxygen molecules are 



first adsorbed on the surface of the catalysts, then the O-O bond is weakened and broken, and 

finally, hydroxide radicals form, accompanied by the transfer of electrons. Like OER, *HOO, *O, 

and *HO are also involved in ORR. The difference is that the formation of *OOH and *O affect the 

performance of OER, while the rate-limiting steps of ORR are the reduction steps of *OH and O2. 

Therefore, it is necessary to modulate the electronic structure near the active sites for suitable 

adsorption strength, which optimizes its catalytic performance. Besides, hybrids interface and 

structural design are of importance to improve performance [153, 183, 184].  

As mentioned above, the adsorption strength of oxygen-containing intermediates during the 

ORR is the main factor affecting the catalyst activity. The numerous hydrophilic functional groups 

(-OH, -F, -O) on the surface of MXenes are closely related to the adsorption of oxygen-containing 

intermediates. Liu et al. calculated the ORR performance of Tin+1CnTx and Pt/v-Tin+1CnTx (n=1-3, 

T=O and/or F, v denotes the surface vacancy) [185]. On the surface of Pt/v-Tin+1CnTx, it was found 

that the adsorption enthalpy of ORR intermediates was linearly related to the O/F ratio, indicating 

better ORR performance with more F. Similarly, the introduction of transition metal atoms on 

MXenes can affect the adsorption of intermediate products by modulating the electronic structure. 

Cu single atom catalysts on Ti2CO2 (Cu-Ti2CO2) were predicted to have excellent ORR 

performance [186]. The Cu atoms at the face-centered cubic (FCC) sites were more likely to adsorb 

and activate O2 molecules, thereby promoting the ORR. The redistribution of charge caused by Cu 

atoms could improve conductivity and facilitate electron transfer, which promoted intermediates 

adsorption and reaction kinetics. Most importantly, this work also provided a new and simple 

descriptor (𝜉) instead of the adsorption strength of intermediates to judge the catalytic performance 

of M-MXene ( 𝜉 = φM
anchored ×

χO
ads

χM
anchored+χMXene

, 𝜑  represents the valence electrons, 𝜒  is the 

electronegativity and is given by χMXene =
nM

MXene×χM
MXene+nC(or N)

MXene ×χC (or N)
MXene +nO

MXene×χM
MXene

nM
MXene+nC(or N)

MXene +nO
MXene  , 𝑛 refers 

to the number of elements.) (Figure 9 (a)). The parameters involved in this descriptor were obtained 

from the periodic table of elements and can also be extended to other MXene-based catalysts.  

Like HER and OER, MXenes also provided a broad platform for hybrids with excellent ORR 

performance and MXene-based hybrids were widely applied in ORR. Initially, Xie et al. uniformly 

dispersed Pt NPs on Ti3C2T2 (T=OH, F) nanosheets to obtain the 0D/2D catalyst (Pt/Ti3C2T2) with 

high activity [40]. The strong interaction between 0D Pt nanoparticles and 2D Ti3C2 effectively 

prevented the aggregation and dissolution of Pt nanoparticles, which resulted in good durability. 

After 10,000 cycles, the size of Pt NPs did not change significantly, nor did the ORR half-wave 

potential which remained at 0.847 V (while Pt/C lost 21mV) (Figure 9 (b)). Meanwhile, the 

migration of electrons from the MXene led to lower-lying d-band centers (𝜀d) relative to the Fermi 

energy (𝜀F) of the Pt NPs (Figure 9 (c)). Thus, it was easier for Oad and OHad to desorb from 



Pt/Ti3C2T2, improving ORR catalytic activity. In addition to 0D nanoparticles, hybridization of 1D 

nanowires and 2D MXene is also a good choice. In-situ synthesized MXene-Ag0.9Ti0.1-nanowires 

demonstrated better activity than commercial Ag/C and pure Ag-nanowires in an alkaline medium 

[187]. The Ti transferred from MXene to Ag nanowire led to Ti defects in MXene, thus providing 

more oxygen adsorption sites. The synergistic effect of Ti and Ag in nanowires can catalyze 

different oxygen reduction steps and promote the four-electron transfer process. The onset potential 

and half-wave potential of MXene-Ag0.9Ti0.1-nanowires were 0.921 V and 0.782 V respectively. The 

number of electronic transfers reached 3.95. 

Due to the strong coupling between the components and the special interface structure, the 

hybrids of 2D material and MXenes have attracted widespread attention, especially the 

heterostructure. A series of single-layer MXene-supported N-doped graphene heterostructures were 

designed based on theoretical calculations [188]. The heterostructures supported by V2C and Mo2C-

MXenes (G/V2C, G/Mo2C) were preferred. The overpotentials were 0.36 V and 0.39 V for G/V2C 

and G/Mo2C, respectively. In those heterostructures, it was believed that the active center for ORR 

was the hollow-site C atoms near pyridine-N, and the charge redistribution caused by N doping and 

the electronic coupling between graphene and MXene adjusted surface binding capacity to improve 

ORR performance. As a classical 2D material, g-C3N4 can also form heterostructures with MXene 

for ORR [189]. The g-C3N4/Ti3C2 heterostructure exhibited improved chemisorption of O2 due to 

the strong interaction between MXene and g-C3N4, which decreased electron density around the 

Ti3C2 sites, delivered better ORR activity and stability than commercial Pt/C. The strong synergistic 

effect at the interface, highly exposed atoms, and large specific surface area make the 2D/2D 

superlattice heterostructure widely used in electrochemistry. The Fe-N-C/MXene superlattice-like 

heterostructure was prepared through electrostatic self-assembly as shown in Figure 9 (d, e) [46]. 

The electronic modulation caused by the synergy between MXene and Fe-N-C facilitated the 

adsorption of oxygen. And the strong interaction facilitated charge transfer during the reaction and 

improved the stability of the catalyst. The Fe-N-C/MXene heterostructure performed ORR through 

the 4-electrons pathway in an alkaline medium and demonstrated a low onset potential (0.92 V vs. 

RHE). Additionally, its half-wave potential (0.84 V) was approximately equal to the Pt/C (0.90 V) 

(Figure 9 (f)). And after working for 20 hours in alkaline electrolytes, there was no significant 

decline in ORR activity. The interaction between MXene and Fe-N-C promoted the adsorption and 

reduction of oxygen at Fe-Nx sites [190, 191]. In addition to the interface, the 3D structure of the 

catalysts also needs to be designed. The 3D structure design of MXene-based hybrids can expose 

more active sites and improve the mass transfer of the reactants. To further increase the active 

surface, a Co-CNT/Ti3C2 with a 3D structure was obtained by pyrolyzing ZIF-67/Ti3C2 (Figure 9 

(g)) [192]. The synergy between Co nanoparticles, N-doped carbon nanotubes, and Ti3C2 improved 



ORR performance. The rapid diffusion of O2, numerous Co-N/C active sites, and suitable surface 

areas as well as highly graphitized carbon, led to comparable ORR activity to commercial Pt/C. As 

shown in Figure 9 (h), Co-CNT/Ti3C2-60 exhibited the same half-wave potential of 0.82 V and a 

higher diffusion-limiting current density of 5.55 mA cm-2 (Pt/C, 0.82 V, 5.30 mA cm-2).  

 

Figure 9. (a) Overpotentials versus composition descriptor ξ on M-Ti2CO2, M-Ti3C2O2, and M-

Ti3CNO2. Reproduced with permission [186]. Copyright 2019, Royal Society of Chemistry. (b) 

LSV curves of Pt/Ti3C2X2. (c) Schematic description of the shift in the d-band center of the 

Pt/Ti3C2X2 compared to Pt/C. Reproduced with permission [40]. Copyright 2013, Royal Society of 

Chemistry. (d) Schematic of the synthesis of 2D/2D Fe-N-C/MXene superlattice-like 



heterostructure. (e) SEM and HRTEM image of Fe-N-C/MXene superlattice-like heterostructure. (f) 

LSV curves of Fe-N-C/MXene and other catalysts in 0.1 M KOH (O2-saturated). Reproduced with 

permission [46]. Copyright 2020, American Chemical Society. (g) Schematic diagram of Co-

CNT/Ti3C2 formation. (h) LSV curves of Pt/C, ZIF-800, Ti3C2 and Co-CNT/Ti3C2 in 0.1 M KOH. 

Reproduced with permission [192]. Copyright 2019, Royal Society of Chemistry. 

 

Table 5. Summary of the ORR performance metrics of MXene-based hybrids. 

Electrocatalyst Electrolyte 

ORR 

Eonset 

(V) 

ORR 

E1/2 (V) 
N* Ref. 

Pt/Ti3C2X2 0.1M HClO4  0.847  [40] 

MXene/NW-Ag0.9Ti0.1 0.1M KOH 0.921 0.782 3.95 [187] 

g-C3N4/Ti3C2 0.1M KOH 0.924 0.810 3.95 - 4.05 [189] 

Fe-N-C/MXene 0.1 M KOH 0.920 0.840 3.50 - 3.96 [46] 

FeNC/MXene 0.1 M KOH 1.000 0.814 3.90 - 4.00 [190] 

FePc/Ti3C2Tx 0.1 M KOH  0.885 ~ 4.00 [191] 

Fe-N-C@Ti3C2Tx 
0.1 M KOH 

0.1M HClO4 

 

 

0.887 

0.777 

3.80 - 4.00 

3.80 - 4.00 
[193] 

Co-CNT/Ti3C2-60 0.1 M KOH  0.820 > 3.90 [192] 

FeCo-N-d-Ti3C2Tx 0.1 M KOH 0.960 0.800 3.60 [194] 

Co/N-CNTs@Ti3C2Tx 0.1 M KOH 0.936  0.815 3.80 [171] 

Mn3O4/Ti3C2Tx 0.1 M KOH 0.890  ~ 3.40 [195] 

NiCo2O4/MXene 0.1 M KOH  0.700 3.90 [10] 

N-CoSe2/3D Ti3C2Tx 0.1 M KOH 0.950 0.790 3.91 [61] 

Nitride/N-Ti3C2 0.1 M KOH 0.950 0.840 3.94 [175] 

Pt/Ti3C2Tx 
0.5 M H2SO4 

0.1 M KOH 

 

0.950 

0.772 

0.853 

3.13 

3.71 
[158] 

Ru-SA/Ti3C2Tx 0.1 M HClO4 0.920 0.800 3.82 [57] 

MXene@PPy-800 0.1 M KOH 0.850 0.710 3.85 - 3.89 [196] 

FeCo-N-d-Ti3C2 0.1 M KOH 0.960 0.800 3.60 [194] 

MoS2QDs@Ti3C2TxQDs@MMWCNTs 1 M KOH 0.870 0.750 3.95 [197] 



Pt/CNT-Ti3C2Tx 0.1M HClO4  0.876 3.70 [198] 

Ti3C2/NSCD-600 0.1 M KOH 0.980 0.810 3.80 [199] 

CoS2@MXene 0.1 M KOH 0.870 0.800 ~ 4.00 [143] 

* Number of charge transfer reactions. 

3.2.2  Bifunctional catalysts for metal-air batteries 

Rechargeable metal-air batteries are regarded as the next-generation energy store devices due 

to their high theoretical energy density [200]. OER and ORR are the core processes of charging and 

discharging, respectively [201]. Therefore, the efficient OER/ORR bifunctional catalysts play an 

important role in improving the performance of metal-air batteries. And the bifunctional catalysts 

based on MXenes have been widely explored. Theoretical calculation predicted that the TixCx-1 

MXenes have excellent electrocatalytic potentials as cathode catalysts for lithium-air batteries 

(LABs) [202-204]. Compared with the carbon materials accompanying carbon corrosion, MXenes 

avoid the influence of the side product (Li2CO3). And the good interfacial compatibility between the 

MXenes and Li2O2, coupling with the large specific surface area facilitate the continuous growth of 

Li2O2 on MXenes. Thus, the MXenes are potential high energy density cathodes for LABs. 

As mentioned above, the adsorption strength of oxygen-containing intermediates during the 

OER/ORR is affected by the functional groups (-OH, -F, -O) on MXenes. To investigate the 

influence of surface groups on the performance of MXene for OER and ORR, Yang et al. simulated 

the activity of LABs by constructing adsorption models of LixO2 (x=4, 2 and 1) on Ti2C-MXene 

with different functional groups (non-terminated, O-terminated, F-terminated, OH-terminated) 

[204]. The calculation results showed that Ti2CO2 MXene exhibited the best catalytic activity, with 

the low overpotential of 0.10 V for ORR and 0.16 V for OER. It was also found that the polarization 

degree of Ti 3d orbital near Fermi level determined the reducibility of Ti2C MXene, which directly 

affected the oxidation reaction of O2
2-. Recently, Li et al. also obtained the same results through 

experiments and theoretical calculations [205]. The Ti2C MXene nanosheets with -O and -F 

functional groups on the surface obtained by heat treatment were used as cathode catalysts for 

LABs. The discharge capacity reached 15635 mAh g-1 at a current density of 100 mA g-1, and 250 

cycles were delivered at 200 mA g-1 with a fixed capacity of 600 mAh g-1, showing long cycle 

stability. The calculation results show that Ti2CO2 has the most suitable adsorption strength for 

Li2O2 and better catalytic performance than Ti2CF2 and bare Ti2C. Besides, due to the 

heterogeneous surface, the discharge products mainly nucleate at the Ti2CO2 sites and accumulate 

spatially to form a porous structure during the discharge process, which effectively promotes mass 

transfer and cycle stability (Figure 10 (a)). The similar mechanism also had been found in the Nb2C 

with uniform O-terminated surface [206]. And the v(e−): v(O2) ratio obtained by the in-situ 



differential electrochemical mass spectrometry (DEMS) was closed to 2 indicating the formation of 

Li2O2. And the Nb2C (O-terminated) cathode exhibited excellent high-rate cycle stability (130 

cycles at 3 A g-1).  

When applying MXenes to zinc-air batteries, the air electrode catalysts are mainly MXene-

based hybrids, which is very different from lithium-air batteries. Mn3O4 nanoparticles loaded on 

Ti3C2 MXene demonstrated improved OER and ORR performance [195]. The metal conductivity, 

hydrophilicity of layered MXene, and the inhibition on particle agglomeration reduced charge 

transfer resistance, improved electron transfer kinetics, and ensured uniform distribution of active 

sites. The Zn-air battery with Mn3O4/MXene as the air cathode performed quite well, which showed 

an open-circuit voltage of 1.37 V, a battery voltage of 1.15 V under discharging current density of 

20 mA cm-2 (close to 1.16 V with Pt/C at 20 mA cm-2), a power density of up to 150 mW cm-2 (115 

mW cm-2 with Pt/C). Due to the stability of the hybrid structure, the potential remained stable after 

a 100-hour cycle at a current density of 10 mA cm-2, showing excellent stability. As expressed in 

Figure 10 (b), NiCo2O4 nanocrystals in-situ anchored on MXene (NiCo2O4/MXene) can also obtain 

an excellent bifunctional catalyst for zinc-air batteries [10]. The XPS and NEXAFS proved the 

existence of Ni/Co-F bonds and synergistic effect. NiCo2O4 nanocrystals were firmly bonded to 

MXene by the Ni/Co-F bonds and the functional group (-F) of MXene caused the migration of 

Co/Ni electron clouds. The strong coupling between MXene and NiCo2O4 promoted charge 

transport and improved electrocatalytic activity. And the in-situ electrochemical Raman 

spectroscopy was employed to clarify the active sites during the OER process. The phase transition 

from NiCo2O4 to NiOOH and CoO2 was observed from 1.4 V, indicating the NiOOH and CoO2 

were the active sites of NiCo2O4/MXene for OER. The aqueous zinc-air battery with 

NiCo2O4/MXene as cathode exhibited an ultra-high peak power density (277 mW cm-2, Figure 10 

(c)), high open-circuit voltage (1.40 V), and long-term stability (over 1000 charge-discharge cycles). 

The flexible zinc-air battery with NiCo2O4/MXene as the air electrode also has an open-circuit 

voltage of 1.40 V and a high peak power density (55.1 mW cm-2). Even after cutting and 

reconnecting, the open-circuit voltage (1.31 V) of the flexible battery is close to the initial one. 

Interface design is always an efficient way to improve the catalytic performance of MXene-

based hybrids. 2D transition metal nitrides have been proven to be potential OER catalysts, but with 

limited ORR performance. Since the M4N structure is thermodynamically unstable, transition metal 

nitrides tend to form particles or thick plates. As shown in Figure 10 (d), the hybrid NiFeMn nitride 

nanosheets stabilized by Ti3C2 nanosheets maintained the morphology of the thin plate and exposed 

more active sites [175]. During the annealing, some N atoms doped into the Ti3C2 lattice and caused 

the rearrangement of charges, and the coordination structure of M-N-C/Ti also formed on the 

interface which improved the ORR activity. XPS and XANES confirmed that Ti3C2 regulated the 



chemical environment of metal active centers in the hybrids. Also, the aqueous zinc-air battery with 

this hybrid showed excellent long-term cycling stability with a high open-circuit voltage of 1.495 V 

and a high energy density of 693 Wh kgZn
-1 at a current density of 10 mA cm-2. Furthermore, the 

flexible fibrous zinc-air battery assembled with gel electrolyte also delivered an energy density of 

about 627 Wh kgZn
-1 and high capacity of 570 mAh g Zn

-1. And as demonstrated in Figure 10 (e), the 

three flexible ZABs could well power blue light-emitting diode (LED) lamps in different bending 

states. The interface structure of the catalyst was emphasized in this work, and it also provided a 

new solution for improving the intrinsic activity of the material. Similarly, the aforementioned self-

supporting film composed of g-C3N4 and Ti3C2 created Ti-Nx active sites through the interface 

design, which greatly improved the OER activity [44]. Because of its highly hydrophilic porous 

structure, it had been employed as a flexible oxygen electrode in zinc-air batteries. At a current 

density of 20 mA cm-2, the charge and discharge voltages of the zinc-air battery assembled by 

TCCN were 2.55 V and 0.87 V, respectively, which were significantly better than IrO2/C (2.70 V 

and 0.61 V). As mentioned above, the 3D structure is beneficial to mass transfer. A unique 3D N-

CoSe2/3D-Ti3C2Tx structure was prepared by freeze-drying with self-assembly (Figure 10 (f)) [61]. 

The increase of porosity and layer space ensured sufficient exposure of active centers and mass 

transfer of reactants. N-doping further reduced the energy barriers of OER and ORR. Compared 

with Pt/C-RuO2-based batteries, N-CoSe2/3D-MXene as air cathode in Zn-air battery delivered a 

higher power density of 142 mW cm-2 (Figure 10 (g)) than Pt/C + RuO2 (119 mW cm-2) and ultra-

long cycle life of over 500 cycles (Figure 10 (h)). 



 

 

Figure 10. (a) Schematic illustration of the possible catalytic mechanism for the Ti2C MXene under 

discharge/charge. Reproduced with permission [205]. Copyright 2020, Elsevier B.V. (b) TEM 

image of the NiCo2O4/MXene. (c) The Charge/discharge curves and power density of 

NiCo2O4/MXene ZAB. Reproduced with permission [10]. Copyright 2020, American Chemical 

Society. (d) TEM image and the corresponding structural illustrations of trimetallic nitride-Ti3C2 

after the nitridation treatment. (e) The photos of a series-connected battery powering a blue LED 

(nominal voltage 3.0 V) in various bending states. Reproduced with permission [175]. Copyright 

2020, American Chemical Society. (f) Schematic illustration of the synthesis of N-CoSe2/3D 



Ti3C2Tx. (g) The discharge curves and power density of N-CoSe2/3D Ti3C2Tx ZAB. (h) Long-term 

cycling performance at 10 mAcm-2. Reproduced with permission [61]. Copyright 2019, American 

Chemical Society. 

Table 6. Summary of the Metal-air battery performance metrics of MXene-based hybrids. 

Catalyst Substrate Battery type Electrolyte 

Open 

circuit 

voltage 

(V) 

Peak 

power 

density  

(mW cm-2) 

Discharge 

capacity 

(mAh g-1) 

Cycle stability  

(cycles)  
Ref. 

Ti2CTx (T=O, F) 
Carbon 

paper 

LAB 

(coin-type) 

1 M LiNO3 in  

DMSO 
  

15635 
at  

100 mA g-1 

250 

at 200 mA g-1 and 600 mAh g-1 [205] 

Nb2C  

(O-terminated) 

Carbon 

paper 

LAB 

(coin-type) 

1 M LiNO3 in  

DMSO 
  

19785.5 
at  

200 mA g-1 

130 

at 3 A g-1 and 600 mAh g-1 
[206] 

V-TiO2/Ti3C2Tx 
Carbon 

cloth 

LAB 

(coin-type) 

1 M LiTFSI in 

TEGDME 
  

11487 

at  

100 mA g-1 

200 

at 100 mA g-1 and 1000 mA h g-1  [207] 

Vo-SnO2/Ti3C2Tx 
Carbon 

cloth 

LAB 

(coin-type) 

1 M LiTFSI in 

TEGDME 
  

18648 
at  

200 mA g-1 

200 

at 100 mA g-1 and 1000 mA h g-1 [208] 

LaSrCoO/Ti3C2Tx 
Carbon 
paper 

LAB 
(coin-type) 

1 M LiTFSI in 
EGDME   

  
11340 

at  

500 mA g-1 

80 
at 500 mA g-1 and 1000 mA h g-1  [209] 

NiO/Ti3C2 
Carbon 
paper 

LAB 
(coin-type) 

1 M LiTFSI in 
TEGDME 

  

13350 

at 

 100 mA g-1 

90 
at 500 mA g-1 and 500 mAh g-1  [210] 

CoO/Ti3C2Tx 
Carbon 
paper 

LAB 
(coin-type) 

1 M LiTFSI in 
TEGDME 

  

16220 

at  

100 mA g-1 

160 
 at 100 mA g-1 and 500 mAh g-1  [211] 

Ti3C2 QDC/N-C 
Carbon 

paper 

LAB 

(coin-type) 

1 M LiTFSI in 

TEGDME 
  

16022 

at 

200 mA g-1 

 

 

240 

at 200 mA g-1 and 1000 mA h g-1 

 

[212] 

SASe-Ti3C2 
Carbon 

paper 

LAB 

(coin-type) 

1 M LiTFSI in 

TEGDME 
  

 

17260 
at  

100 mA g-1 

 

170 

at 200 mA g-1 and 1000 mA h g-1 [213] 

Mn3O4/MXene 
Stainless 

steel mesh 
liquid ZAB 6 M KOH 1.37 150 

 

 [195] 

NiCo2O4/MXene 
Nickel 

foam 

liquid ZAB 

flexible ZAB 

6 M KOH + 0.2 M 

Zn(AC)2 

 
KOH/PVA 

1.40 

 

1.40 

277 

 

55.1 

768.6 mA h g-1 
at  

10 mA cm-2 

 

 

 

1000 at 5 mA cm-2 

 

100 at 1 mA cm-2
 

[10] 

Nitride/N-Ti3C2  
Carbon 

cloth 

 
 

liquid ZAB 

 
 

 

fiber-shaped 
flexible ZAB 

 

 

6 M KOH + 0.2 M 
Zn(AC)2 

 

 
 

KOH/PVA 

 

 

1.495 
 

 

 
1.325 

 

630 mAh gZn
-1 

at  

10 mA cm-2 

 

570 mAh gZn
-1 

at  

5 mA cm-3 

120 at 20 mA cm-2 

 

 

 

[175] 



TCCN 

Free-

standing 

film 

liquid ZAB 
(coin-type) 

6 M KOH   

 

15 at 20 mA cm-2 [44] 

N-CoSe2/3D Ti3C2Tx  
Carbon 
paper 

liquid ZAB 
6 M KOH + 2 M 

ZnCl2 
1.43 142 

751 mAh gZn
-1 

at  

5 mA cm-2 
500 at 10 mA cm-2 [61] 

CoS2@MXene 
Carbon 

cloth 

 

flexible ZAB 
 

KOH/PAA 1.46 29 

 

60 at 1 mA cm-2 

[143] 

LDH/MQDs/NG 
Carbon 

cloth 

 

liquid ZAB 
 

flexible ZAB 

 

6 M KOH + 0.2 M 

Zn(AC)2 

 
KOH/PVA/ZnCl2 

1.42 

 

 
 

 
113.8 

 

 
57.6 

 

 
598 mAh gZn

-1 

at  

5 mA cm-2 

900 at 5 mA cm-2 

 
[214] 

H2PO2
- /FeNi-LDH-

V2C 
Carbon 
paper  

liquid ZAB 
6 M KOH + 0.2 M 

Zn(AC)2 
1.42 137 

 

600 at 5 mA cm-2 

 
[215] 

 

In this part, the application of MXenes and hybrids in ORR and metal-air batteries was 

presented. The regulation of MXene functional groups and heteroatoms doping have been proved to 

be effective strategies to optimize the adsorption of intermediate products, leading to better ORR 

activity. Among the MXene-based ORR catalysts, the research of coupling MXenes with other 

materials is the most extensive. With the strong coupling between hybrids, 0D, 1D, and 2D 

materials can be uniformly and firmly loaded on MXenes. The synergistic effect between the 

components is of importance to improving performance. The unique heterostructure and interface 

formed between 2D materials and MXenes are also worth noting. Proper interface design can create 

new ORR active sites, modulate the electronic structure, and facilitate the adsorption of oxygen. 

Also, the design of the three-dimensional structure is beneficial to ORR with the slow kinetic 

reaction, because of more exposed active sites and promoted mass/charge transfer. For the 

bifunctional catalysts in metal-air batteries, related research on MXenes and their hybrids mainly 

focuses on lithium-air batteries and zinc-air batteries. Due to the theoretically suitable adsorption 

capacity of Li-related species, MXenes are considered to be a potential high-efficiency catalyst for 

lithium-air batteries. The synergy between MXenes and active materials has been widely utilized in 

the development of air electrode catalysts. The change in electronic structure caused by strong 

coupling is the key to achieving excellent bifunctional activity. Furthermore, a three-dimensional 

structure of MXene-based hybrids was also chosen, which is conducive to the mass diffusion and 

charge transfer of the reactants on the air electrode. In addition, with the development of portable 

electronic devices, flexible metal-air batteries also demonstrate broad application prospects. And the 

membrane electrodes prepared by MXenes show excellent flexibility and mechanical properties, 

which have been widely used in flexible supercapacitors and other fields. Therefore, MXene-based 



self-supporting flexible film electrodes may greatly promote the development of flexible metal-air 

batteries. It is noted that the electrochemical performances and energy density of the flexible metal-

air batteries need further development, and the rational cathodes, especially the light and highly 

active MXene based catalysts may be the key to accelerate the commercial application. 

 

4 Summary and perspective 

In this review, we systematically introduced the application of MXenes in HER, OER, overall 

water splitting, ORR, and metal-air batteries. MXenes as catalysts and support agents have great 

potential for electrocatalysis applications. Surface functional group adjustment, defects control, 

heteroatoms doping, and other methods can optimize the electronic structure of MXenes and thus 

their electrocatalysis activity. MXene-based hybrids with rationally designed structures can 

exposure more active sites and facilitate mass transfer, and thus also prove to be effective to achieve 

the higher activity.  

Although many breakthroughs have been achieved, there are still many challenges in the 

application of MXene-based materials in electrocatalysis. (1) Exploring the compositional space of 

MXenes is of significance. Numerous MXenes have been theoretically proved to be stable, but only 

a few of them have been successfully prepared, resulting in that most studies are limited to several 

common MXenes (e.g., Ti3C2, Ti2C, and Mo2C). (2) Although the etching method makes MXenes 

feasible for large-scale preparation, it is still difficult to prepare MXenes nanosheets with uniform 

and large size. In addition, the design of the container and the environmental issues caused by HF 

during the large-scale preparation should also be considered. (3) MXenes are easily oxidized in 

water and air, and the changes of storage conditions (low temperature, organic solvents) and the use 

of additives are not satisfactory. How to improve the stability of MXene is critical for their practical 

applications. (4) Due to the influence of multiple factors such as the diversity of MXene 

composition, functional groups, defects, and so on, the improvement of MXene performance in 

different fields lacks a clear direction. (5) Although construction of 3D structure is a general 

strategy to improve MXene based catalytic activity, the accurate control of the structure needs 

further development. (6) The in-situ characterization techniques may be introduced to understand 

the specific reaction mechanisms and further clarify the catalysis mechanism of MXenes. (7) The 

development of flexible self-supporting film electrodes based on MXenes are conducive to flexible 

wearable energy storage or conversion devices such as flexible metal-air batteries and flexible 

supercapacitors. How to balance the structural design and flexibility is still a challenge.  

Compared with other 2D materials, MXenes can be synthesized using a scalable etching 

method, implying promise for commercial products. As described above, more attention is paid to 



MXene-based electrocatalysis, and a number of articles on MXenes enlarge their applications, such 

as electromagnetic shielding, energy storage, water purification, and so on. But the fundamental 

properties should be more concerned, especially the mechanism of the reactions, origin of those 

functionality, and accurate control strategies for electrocatalysis. Overcoming these fundamental 

issues and targeting appropriate electrochemical catalysis are central to the commercialization of 

MXenes. Only with great application potential, the discussion about the safety, material abundance, 

or cost is meaningful.  
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